This paper investigates the mechanical and the hysteretic behaviour of steel-to-timber joints with 15 annular-ringed shank nails in Cross-Laminated Timber (CLT). These fasteners are used to anchor 16 typical metal connectors, such as hold-downs and angle brackets, to the CLT panels. The 17 experimental programme presented in the paper was carried out at the Institute of Timber Engineering 18 and Wood Technology, Graz University of Technology (Graz, Austria). Average and characteristic 19 values of the experimental strength capacities are evaluated and compared to the analytical 20 predictions determined according to current structural design codes and literature. Furthermore, to 21 fulfil the requirements of the capacity-based design, the overstrength factor and the strength 22 degradation factor are evaluated and conservative values are recommended. 23 2 KEY WORDS: annular-ringed shank nail, steel-to-timber joint, Cross-Laminated Timber, hysteretic 24 behaviour, calculation model, capacity-based design, overstrength factor, strength degradation factor. 25
INTRODUCTION 26
Ensuring an adequate ductility and a sufficient energy dissipation are two key aspects when designing 27 seismic resistant multi-storey timber buildings made of Cross-Laminated Timber (CLT) panels. As a 28 structural product, CLT is characterized by high in-plane stiffness and a linear-elastic behaviour with 29 tendency to fail with brittle mechanism (except for compressive stresses). Therefore, mechanical 30 connections between adjacent walls and between wall and floor panels represent the ductile zones of 31 CLT structures, supplying most of the building flexibility and providing the necessary strength, 32 stiffness and ductility [1] . 33
The hysteretic behaviour of single-joints and CLT wall systems (CLT wall panel and connections) 34 was the focus of several experimental programmes. Shear and tension tests were performed on typical 35 metal connectors, such as hold-downs and angle brackets, and on screwed panel-to-panel connections 36 Predicting the load-carrying capacity of joints with dowel-type fasteners in CLT is more complex 39 than for traditional sawn timber or other engineered wood products (e.g. glued laminated timber). The experimental programme presented in the paper aims at investigating the behaviour of steel-45 to-timber joints with annular-ringed shank nails in CLT. These nails are used in CLT buildings to 46 anchor typical metal connectors (such as hold-downs and angle brackets) to the wall and floor panels. 47 by Johansen [27] , to define the lateral dowel capacity of a nailed steel-to-timber joint. An ideal rigid-174 plastic behaviour is assumed for both the fastener's yield moment and the embedment behaviour of 175 timber. The equations derived from this model predict the load-carrying capacity of a single fastener 176 joint loaded in shear depending upon its geometry, the embedding strength of timber, and the yield 177 moment of the fastener. 178
The characteristic lateral dowel capacity ( lat,Rk F ) of a nailed steel-to-timber joint made with a thick 180 metal plate is defined by the lowest value among those in Equation 6. The derivation of the equations 181 has been described by Hilson [28] where it is assumed that the CLT panels are manufactured with timber boards of the same density. 191
Embedding strength of timber 192
The embedding strength of timber depends upon several factors such as the size and cross-section 193 shape of the fastener, the timber density and the relative orientation between applied load and timber 194 grain [29] . Nevertheless, due to the limited size of the nail cross-section, the models discussed below 195 do not take into the account this last variable. However, an ideal rigid-plastic behaviour was adopted in the subsequent developments of his theory. 213
The first model considered in the study has been proposed by Blaß and Colling [32] and defines 214 the yield moment of the fastener as the plastic moment capacity of the circular cross-section: 215
In the previous equation the symbol y,k f indicates an "equivalent" yield strength, estimated as 217 
The other two models considered in the study were derived by Blaß and Uibel [16] 3. EXPERIMENTAL PROGRAMME 260
Materials 261
Tests were performed using annular-ringed shank nails ( to the profiling, the inner diameter of the threaded shank is 3.6 mm whereas the outer diameter is 267 equal to 4.2 mm. 268
Solid timber panels made of five crosswise laminated board layers (CLT) and a total thickness of 269 134 mm (26-27-28-27-26) were used in the tests (Figure 1b) . The numbers in brackets denote the 270 thickness of each board layer; the bold notation was used to mark the layers with boards parallel to 271 the face lamination of the panel. As prescribed in EN 1380 [36] , the panels were conditioned at 20°C 272 temperature and 65% relative humidity before performing the tests. 273
Tension tests and bending tests 274 13
The ultimate tensile strength and the yield moment of the fasteners were investigated with five tension 275 tests and ten bending tests, respectively. The tension tests were carried out in displacement control 276 until failure ( Figure 2a) ; due to the small cross-section of the fastener, a thin metal pipe was placed 277 around the nail shank to increase the clamping to the testing machine and to avoid issues with the 278 experimental setup. The bending tests were performed in displacement control until a rotation of 45° 279 ( Figure 2b) ; the experimental setup was similar to the configuration depicted in Appendix A of EN 280 409 [34] . A free bending length of three times the diameter was ensured in all the tests. 281
Nail withdrawal tests 282
The withdrawal capacity of the nailed joint was investigated with twenty-two nail withdrawal tests, 283 3a). Tests were carried out in displacement control at a rate of 2 mm/min and were stopped after a 289 40% loss of the maximum load bearing capacity. 290
Single fastener joint shear tests 291
The lateral load bearing capacity and the hysteretic behaviour of the nailed steel-to-timber joint were 292 investigated with shear tests. Six monotonic tests plus fifteen cyclic tests (labelled series SH00 and 293 SH00-C, respectively) were carried out parallel to the face lamination of the CLT panel; furthermore, 294 five monotonic tests plus fifteen cyclic tests (labelled series SH90 and SH90-C, respectively) were 295 performed in the perpendicular direction. Tests were carried out in accordance with EN 1380 [36]; a 296 symmetric setup was adopted, with two nails embedded at the same location in the opposite side faces 297 of the CLT panel (Figure 2d ). The load was applied to the nails cap with two 4 mm thick metal plates 298 14 obtained by cutting the shoulders of two hold-downs; to minimize the initial friction between the 299 metal plates and the timber surfaces, thin metal blades were interposed among those elements while 300 driving the nails into the CLT panel and removed just before testing. The load bearing capacity of the 301 nailed joint was measured with a load cell, incorporated between the moving crosshead of the testing 302 machine and the steel element to which the metal plates were restrained; the local displacements of 303 the nails were measured with two LVDTs, restrained in correspondence of the nail caps (Figure 3b) . 304
The loading protocol of the monotonic tests was defined in accordance with EN 26891 [38] ; an 305 estimated maximum load of 9.0 kN (4.5 kN for each nail) was assumed in both series. Load control 306
with an input loading rate of 1.8 kN/min was used up to 70% of the estimated maximum load; 307 displacement control at a rate of 4 mm/min was used afterwards. 308
The displacement histories of the cyclic tests were defined according to ISO 16670 [19] , acquiring 309 the average ultimate displacements of each monotonic test series. The method proposed by ISO 16670 310 2.50-5.00-7.50-10% of the ultimate displacement; three cycles from 20% to 100% of the ultimate 314 displacement, with 20% steps). To generate suitable data for calibration of the hysteresis models, the 315 last four tests of each series were carried out with a modified set of displacement levels (same 316 schedule for the single cycles; from 20% to 100% of the ultimate displacement, with 10% steps where 317 three cycles at the same target displacement are applied). An input displacement rate varying from 1 318 to 2 mm/min was used in all the tests. In the cyclic tests, the envelope curves of the hysteresis loops are derived by connecting the points 333 at maximum load in the first, second and third cycles, respectively; however, in the first five single 334 cycles the same values of the maximum load are taken for all the envelope curves. The maximum 335 load bearing capacity, the slip modulus and the other mechanical properties mentioned for the 336 monotonic tests are derived from the first envelope curve. Moreover, the peak strength is also 337 extracted from the third envelope curve ( max(3rd) F ). The strength degradation factor due to cyclic 338 loading ( Sd  ) is assessed at the cycle group where the maximum strength of the first envelope curve 339 is achieved and is determined as the ratio of the strength on the third envelope curve to its 340 corresponding value on the first envelope curve. If the strength on the third envelope curve is not 341 Evident signs of failure were not visible in any of the fasteners tested in bending; a fully developed 380 plastic hinge was recognised on some specimens while others showed a partially grown plastic hinge 381 and a distributed plastic deformation ( Figure 5b ). As prescribed in EN 409 [34] , the yield moment 382 y M should be determined either as the peak of the experimental moment-rotation relationship or as 383 the moment at 45° rotation angle. However, due to some issues with the experimental setup, some 384 tests were stopped between 40° and 45° and the yield moment was assessed assuming an ultimate 385 rotation of 40°. The afore-mentioned issues were caused by the deformed shape of the fastener, which 386 limited the rotational capacity of the test setup. This is clearly visible in Figure 2b , where the moving 387 part of the setup touched its fixed section before reaching a rotation of 45°. However, since the peak 388 strength of the moment-rotation relationship was generally attained before 40°, the results were not 389 affected by this issue. 390 experimental result (more than 25%). As pointed out in Section 2.4, specific calculation models to 394 predict the yield moment of fasteners with profiled shank have not been derived yet; therefore, the 395 comparison given in Table 2 is of particular interest, as it gives an insight into the reliability of current 396 design rules for the prediction of the yield moment of an annular-ringed shank nail. It should be 397 noticed that the scatter of results in the bending tests is approximately ten times higher than in the 398 tension tests; this suggests that the residual stresses produced by cold forming might have an influence 399 on the bending behaviour of the nail. Results might also be affected by the limited number of tests 400 performed. As a consequence, future studies should consider a wider set of test results and should 401 investigate the bending behaviour of the nail under cyclic conditions. 402
RESULTS AND DISCUSSIONS 366

Tension tests and bending tests 367
Nail withdrawal tests 403
The mechanical properties resulting from the nail withdrawal tests are summarized in Table 3 Table 3 ; the trilinear approximating curve connects origin, yield, peak and ultimate strength. 408
The experimental loading curves show a linear fashion until the yield load, a clear maximum and a 409 distinct load decrease after the displacement corresponding to the peak strength. 410
Characteristic strength values from the tests and the characteristic density of the CLT panels (used 411 as input parameter in the analytical models) were assessed as prescribed in EN 14358 [20] valid also for a group of nails. In particular, they could be even lower for, e.g., a metal connector 431 which is anchored to the panel with several nails that bear simultaneously the load. 432
The load bearing mechanism of the nailed joint loaded in withdrawal depends upon the friction 433 between threaded shank and the surrounding timber. This mechanism is activated when the steel plate 434 (to which the nail is clamped) is lifted from the CLT panel (in which the nail is embedded). Once the 435 nail is extracted from the CLT panel, it cannot be pushed back by the steel plate; this suggests that 436 the load bearing mechanism in withdrawal is effective as long as the joint is subjected to monotonic 437 loads while is very weak in cyclic conditions and, if possible, it should be avoided. As already 438 20 mentioned, applying the capacity-based design approach and over-strengthening this part of the 439 connection via, e.g., the use of more nails or by equipping it with screws instead of nails, might be a 440 proper solution. 441
Single fastener joint shear tests 442
Average values and coefficients of variation of the mechanical properties obtained from the shear 443 tests are listed in Table 5 (monotonic) and in Table 6 (cyclic), respectively. Results are presented both 444 in parallel and in perpendicular direction to the face lamination of the CLT panels. Table 7 Table 5 (dark grey dashed line). 455
The peak strength of both monotonic series was achieved at approximately 13 mm of displacement. 456
The instantaneous slip modulus and the peak strength in perpendicular direction are slightly higher 457 than in the parallel direction whereas the ultimate displacement and the ductility are lower. Moreover, 458 the peak strengths of the cyclic tests are lower than the quantities determined in monotonic conditions. 459
It should be also noticed that some tests have failed prior to the cycle group where the maximum 460 strength of the monotonic tests was achieved (as visible in Figures 8a-8b) . 
497
Once more it should be noticed that both the overstrength factors and the strength degradation 498 factors were determined using results of laterally loaded steel-to-timber joints equipped with one 499 single nail and could be even lower as each connector is usually anchored to a CLT panel with several 500 fasteners that bear simultaneously the load. 501
Finally, the experimental slip moduli of the monotonic tests (given in Table 5) The strength degradation factors were also determined for the laterally loaded steel-to-timber joints 535
and conservative values of Sd  = 0.6 and Sd  = 0.5 are recommended in parallel and perpendicular 536 direction to the face lamination of the CLT panel, respectively. The overstrength and the strength 537 degradation factors significantly depend on the scatter of mechanical properties observed in the tests 538 and were determined on the results of single fastener joints. Due to the group effect, this scatter might 539 be lower for, e.g., a metal connector anchored to the CLT panel with a group of nails. Therefore, in 540 these situations, both factors may be even lower. 541 29 
